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A B S T R A C T
In the present work, the cloud point extraction (CPE) of three organic pollutants (phenol,benzyl alcohol and 1-
phenylethanol) with aqueous solutions of biodegradable alkoxylated nonionic surfactants (TERGITOL 15-S-7 and
SIMULSOL NW342), is investigated. First, the partial phase diagrams of the water–surfactant binary systems are
established. Then, the eﬀects of organic pollutants and sodium chloride on the cloud point (Tc) are determined.
Extraction eﬃciency is evaluated by the following responses: percentage of solute extracted, E (%), residual
concentrations of solute and surfactant in dilute phase (Xs,w, and Xt,w, respectively) and volume fraction of
coacervate at equilibrium (ϕc). Three-dimensional empirical correlations are used for ﬁtting the experimental
results. The comparison between experimental and calculated values allows model parameter identiﬁcation.
Based on these data, CPE was implemented in a continuous mixer-settler device. The feasibility of a multi-stage
crossﬂow process for the puriﬁcation of samples containing phenol using SIMULSOL NW342 was tested. Six
stages were required to reduce the pollutant concentration below the allowed level (0.3 ppm), which proves the
eﬃciency of CPE in the treatment of wastewaters.
1. Introduction
From the wide variety of organic pollutants, phenol, benzyl alcohol
and1-phenylethanol were chosen for this study. Phenol is considered as
one of the major water pollutants. Even at very low doses, it is still very
dangerous because of its persistence, toxicity, ecotoxicity and bioac-
cumulation [1–5]. The Environmental Protection Agency (EPA) and the
French legislation limit its allowedconcentration in surface waters to
0.3 mg/L [6,7]. For phenol removal, solvent extraction, adsorption, but
also ion exchange, polymerization, electro-coagulation, membrane-
based separations and biological methods have been found eﬀective
[1,4,8–10]. In soap, perfume and ﬂavor industries, benzyl alcohol is
employed as such in bar soap fragrances and in the form of its esters. It
is also used in the polymer industry and in the manufacture of car tires.
Its photocatalytic degradation has been investigated [11]. 1-Pheny-
lethanol is mainly a coproduct of the oxidation step of ethylbenzene,
whose hydroperoxide is used to convert propylene to its oxide. It is then
valorized through dehydration to styrene. It can be burnt in a chemical
incinerator equipped with a post combustion and epuration system
[12].
The laws and regulations on wastewater treatment are becoming
increasingly strict. Therefore, there is a strong trend to develop eﬃcient
methods for the removal and/or recovery of toxic species in the en-
vironment [13]. Among others, Cloud Point Extraction (CPE) appears to
be a relatively simple and ecologically safe technique. In fact, the
aqueous solutions of most polyethoxylated nonionic surfactants become
cloudy and start to separate into two phases, coacervate and dilute
phase, as soon as temperature rises above their cloud point, Tc [14].
This phenomenon is the basis of the CPE process [15–20]. This latter
avoids the use of an organic solvent, produces small sludge volume and
requires low energy consumption. This process is very eﬃcient for
treating water containing various contaminants including dissolved or
dispersed organic matter [21–40]. This method of water puriﬁcation
was also applied to the extraction of metal ions using diverse appro-
priate chelates [15,41–44] and without chelates [45–49]. Associated to
the cloud point value, the main factors in surfactant selection are its
biodegradability, toxicity and ecotoxicity. The use of CPE oﬀers an
interesting alternative to conventional extraction systems. This tech-
nique allows moving toward Green Chemistry. Many advantages were
claimed to CPE compared with conventional liquid-liquid extraction:
CPE is an eﬃcient and selective process that works continuously, saves
energy and can be scaled up [50–54]. On the basis of this ﬁnding, the
batch CPE of phenol, benzyl alcohol and 1-phenylethanol from aqueous
solution was investigated in the present work. The eﬀects of
temperature, surfactant concentration and decantation time on solute
extraction extent were also studied. For this purpose, two polyalk-
oxylated nonionic surfactants were used: TERGITOL 15-S-7 and SI-
MULSOL NW342. The initial pollutant concentration used in water was
0.2 wt.%. Using these data, the continuous multi-stage crossﬂow cloud
point extraction was implemented in a mixer-settler. As a model system,
phenol was extracted using SIMULSOL NW342. The mixer-settler can
be easily arranged in battery for counter-current multi-stage process.
Each mixer-settler couple can be considered as a theoretical stage. This
equipment oﬀers the advantage to operate with highly unequal phase
fractions. This technology is able to operate with high ﬂow rates, and
can be useful for wastewater treatment.
2. Materials and methods
2.1. Chemical species
The nonionic surfactants used in this work were obtained from Oxo-
alcohol alkoxylation: SIMULSOL NW342 (cmc = 1.52 mmol/L at
15 °C), kindly provided by SEPPIC (Castres, France) and TERGITOL 15-
S–7 (cmc = 1.22 mmol/L at 20 °C), a Dow Chemical specialty pur-
chased from Aldrich, are mixtures of primary and secondary alcohol
alkoxylates with the alcohol group located at various positions along
the carbon chain. Phenol, benzyl alcohol and 1-phenylethanol were
purchased from Aldrich and sodium chloride from VWR. The formulas
and some properties of the species used in this work are listed in
Table 1. Deionized water was used in all cases except for the HPLC
analyses, carried out with ultrapure water.
2.2. Methods
2.2.1. Cloud point measurements
Cloud point measurements were carried out using a Mettler FP 900
apparatus. It consists of a FP90 control and operating unit, and a FP81C
measuring cell dedicated to cloud point measurements. The cell tem-
perature was measured with a Pt100 sensor; light transmission was
measured continuously, while the cell temperature was increasing lin-
early according to the chosen heating rate. The cloud point corresponds
to the temperature at which the limpid phase becomes cloudy, inducing
a light transmission decrease.
2.2.2. Experimental conditions
For batch extraction tests, 30 mL of solution, containing the sur-
factant (at concentrations from 2 to 10 wt.%) and the solute (0.2 wt.%)
in demineralized water, were poured into graduated cylinders and he-
ated in a precision oven and kept during 24 h to reach equilibrium. The
volumes of both phases (coacervate and dilute) were measured.
The dilute phase was analyzed. The residual pollutant and surfac-
tant concentrations were determined by reversed-phase high-perfor-
mance liquid chromatography: for the solutes, the conditions were as
follows: column RP18 (ODS), 95 bar, mobile phase H2O/CH3CN/
CH3OH, 42.5/50/7.5 (v/v), ﬂowrate 1 mL/min.; λ= 260 nm;
t = 25 °C. The conditions were slightly diﬀerent for the surfactant:
mobile phase H2O/CH3CN/CH3OH, 7.5/60/32.5 (v/v). The sensitivity
of the evaporative light-scattering detector (DDL 31, EUROSEP
Instruments) was optimized by the control of the air ﬂowrate in the
atomizer (relative pressure: 1 bar), the temperature of the evaporator
(55 °C) and the gain of the photomultiplier (400 mV) [59–61].
The total capacity of the mixer-settler (Fig. 1); temptatively used by
our research group in a previous work [21], was 9.5 L. However, the
occupied volume was 7 L. The stirrer diameter was 6.5 cm and the
mixing tank diameter was 8.5 cm. The cylindrical settler was 98 cm
length and 10 cm diameter; the stirring speed could vary from 0 to
900 rpm. For the ternary water/Simulsol NW342/phenol system, the
equipment was operated with equal volumes of the feed solution F
(0.4 wt.% phenol) and the solvent S (8 wt.% surfactant); the mixture
was maintained at 30 °C.
2.2.3. Extraction parameters
In order to ﬁnd the optimal conditions of the two variables: wt.%
surfactant (Xt), and temperature (T), allowing to obtain the best pos-
sible extraction results, we have worked out the best compromise be-
tween the four “responses”, Y (E, Xs,w, Xt,w and ϕc), deﬁned as follows:
- The extraction yield E (%):
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−
×
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Where mS(in) and mS(w) represent the mass of the solute in the initial
solution and in the dilute phase, respectively.
- The volume fraction of coacervatec, i.e. the ratio of the volume of
the coacervate, VC, to the total volume (VC + Vw),Vw being the volume
of the dilute phase:
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- The weight percentage of solute in the dilute phase:
= ×
m
m
X (%) 100
s w
w
s,w
( )
(3)
with mw: mass of dilute phase,
The weight percentage of surfactant in the dilute phase:
Nomenclature
Symbols
BA Benzyl alcohol
cmc Critical micelle concentration
E Extent of extraction (%)
PE 1-phenylethanol
PH Phenol
Tc Cloud point (temperature)(°C)
Vr Stirrer speed
Xs,w Mass fraction of solute in the dilute phase after extraction
Xt,w Mass fraction of surfactant in the dilute phase after ex-
traction
Xt Initial surfactant mass fraction
XPH,F,XPH,S,XPH,E,XPH,R Mass fraction of solute in the feed, solvent,
extract and raﬃnate phase, respectively
Xt,F,Xt,S,Xt,E,Xt,R Mass fraction of surfactant in the feed, solvent,
extract and raﬃnate phase, respectively
ϕc Volume fraction of coacervate
Table 1
Chemicals: formulas and properties.
Name (abbreviation) Formula Aqueous
solubility at
25 °C (g/L)
log P
[58]
SIMULSOL NW342 (Oxo-
C10E3P4E2)
C10H21-(OCH2-CH2)3-
(O-CH2 CH(CH3))4-
(OCH2-CH2)2-OH
TERGITOL 15-S-7
(C11-15E7.3)
C15H31-(O-CH2-CH2)7.3-
OH
Phenol (PH) C6H5OH 82.8 [55] 1.5
Benzyl alcohol (AB) C6H5CH2OH 40 [56] 1.05
1-Phenylethanol (PE) C6H5CH(CH3)OH 20 (at 20 °C)
[57]
1.42
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with mt,w: mass of surfactant in dilute phase.
Those four criteria can be suﬃcient to evaluate the performances of
a single contact extraction.
3. Modeling of results
By using the two variables: wt.% surfactant (Xt), and temperature
(T), the extraction results of the three solutes at 0.2 wt.% by the two
surfactants (TERGITOL 15-S-7 and SIMULSOL NW342) were expressed
by four responses (Y): percentage of extracted solute (E), residual
concentrations of solute and surfactant in dilute phase Xs,w, and Xt,w,
respectively, and coacervate volume fraction at equilibrium (ϕc). For
each parameter determined by considering central composite designs,
the results were analyzed using an empirical ﬁtting method. [36,62,63].
The experimental values could be used to determine the quadratic
polynomial model constants, which were adjusted. The models were
checked by plotting computed data against experimental results. The
nonlinear system formed by the equations:
Y = a0 +a1 Xt + a2T + a12XtT + a11Xt
2+ a22T
2 (5)
was solved to give the slope and the regression coeﬃcient (R2)
closest to unity. Even if the quadratic equations for E, Xs,w, Xt.w and ϕc
allow to obtain a good correlation with the experimental values, one
has to keep in mind that the model validity is restricted to the ﬁeld of
study and a physical signiﬁcance cannot be given to the portion of
horizontal planes corresponding to the maximal values of the response.
Coeﬃcient identiﬁcation and data treatment of response surfaces
were carried out using the STATISTICA software (8.0.360.0).
4. Results and discussion
4.1. Binary and pseudo-binary phase diagrams
Before the extraction test, it is necessary to plot the phase diagrams
of the following systems: water/surfactant and water/surfactant with a
ﬁxed solute content (pseudo-binary systems) as a function of tem-
perature. One can notice in Fig. 2 that the cloud points of TERGITOL are
higher than those of SIMULSOL NW342. Thus, the critical temperature
of this latter (tc = 17 °C) is lower than the ambient one, while that of
TERGITOL 15-S-7 is above 34 °C. This might have been diﬃcult to
predict, since the surfactants do not belong to the same series, and
TERGITOL 15-S-7 possesses longer hydrophobic tail and hydrophilic
head at the same time. Thus, the eﬀect of the four propylene oxide
groups of SIMULSOL NW342 prevails over the shortening of the ali-
phatic chain The cloud-point curves are more sensitive to surfactant
concentration in a narrow range of lower values.
4.1.1. Eﬀect of organic solutes
The eﬀect of the three organic solutes phenol, benzyl alcohol and 1-
phenylethanol, in the range 0–2 g/L, on the cloud points of SIMULSOL
NW342 and TERGITOL 15-S-7 has been investigated, as an example of
solute eﬀect. For Xt = 4 wt.%, the results are shown in Fig. 3. One can
notice that very small concentrations of the three additives have no
eﬀect on the cloud point. However, at higher concentration, those
compounds lower the cloud points of both nonionic surfactants. In each
case, the trend is similar: phenol shows the strongest eﬀect, whilst
benzyl alcohol the lowest. Besides, the eﬀect of solutes is relatively
higher at lower surfactant concentration.
The inﬂuence of solutes on the cloud point is governed by their
hydrophobic aﬃnity, namely their octanol-water partition coeﬃcients,
expressed as log P. (Table 1). Although phenol is more soluble in water
Fig. 1. Mixer-settler device.
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Fig. 2. The cloud point of nonionic surfactants.
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Fig. 3. Eﬀect of solutes on the cloud point of SIMULSOL NW342 and TERGITOL 15-S-7.
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Fig. 4. Eﬀect of NaCl on the cloud points of SIMULSOL NW342 and TERGITOL 15-S-7.
than aromatic alcohols, it may be considered as more hydrophobic and
interacting more strongly, through hydrogen bonding, with ethylene
oxide units. This was already noticed elsewhere [36,64].
The cloud point curve lowering caused by phenol, has also been
observed with other surfactants [18,21,22]. This phase diagram relative
to a given solute can be used as a qualitative guide for the extraction
process.
4.1.2. Eﬀect of sodium chloride
Electrolytes can lower or raise the cloud point of nonionic surfactant
systems [65]. Fig. 4 shows the decrease of the cloud point for 2 and
4 wt.% of each surfactant, by addition of sodium chloride. It can be
Fig. 5. Three-dimensional isoresponse curves smoothed by a quadratic model, E(%) = f(Xt, T), (Eqs. (6), (7), (14), (15), (22) and (23)).
observed that NaCl aﬀects TERGITOL 15-S-7 more than SIMULSOL
NW342. This phenomenon is known as the salting-out eﬀect, caused by
weakening of hydrogen bonds between the polar head groups of the
nonionic surfactants and water molecules. This observation has been
made with many other micellar systems [65–68]. Therefore, it is pos-
sible to adjust the cloud point at room temperature by a simple control
of surfactant and salt concentrations, and consequently reduce the
heating energy cost in the extraction process. Salt addition can also
have an application in the extraction of heat sensitive products.
Fig. 6. Three-dimensional isoresponse curves smoothed by a quadratic model, Xs.w = f(Xt, T), (Eqs. (8), (9), (16), (17), (24) and (25)).
4.2. Extraction results
The CPE of 0.2 wt.% of each solute (phenol, benzyl alcohol or 1-
phenylethanol) with SIMULSOL NW342 or TERGITOL 15-S-7 was per-
formed. The results were obtained for initial surfactant concentrations,
(Xt)ranging from 2 to 10 wt.%, and in temperature ranges 26–42 °C
with SIMULSOL NW342 and 3–46 °C with TERGITOL 15-S-7.
The equations relative to the diﬀerent solutes (pollutants) are:
- Phenol
= + + − − + −E 35.32 12.24 x 0.15 T 0.11 xT 0.39x 0.4410 TNW342
2 2 2 (6)
Fig. 7. Three-dimensional isoresponse curves smoothed by a quadratic model, Xt.w = f(Xt, T), (Eqs. (10)–(12), (19), (26) and (27)).
= − − + + − −− −E 292.27 10.14 x 17.12 T 0.15 xT 0.69x 0.22T15 S 7
2 2 (7)
= − − + + −X (144.49 23.89 x 0.88 T 0.19 xT 0.87x )10s,w,NW342
2 3 (8)
= + − − + +− −
−X 1.30 (58.42 x 60.58 T 1.93 xT 1.76x 0.78T )10s,w,15 S 7
2 2 3
(9)
= − − − − − −X 31.53 0.42x 1.40T (1.41 xT 13x 1.91T )10t,w,NW342
2 2 2
(10)
= + − − − −− −
−X 11.68 1.80 x 0.38T (3.87x.T 1.28x 0.50T )10t,w,15 S 7
2 2 2
(11)
= + − − + + −ϕ (94.815 40.64 x 4.52 T 1.15 xT 1.98x 0.08T )10CNW342
2 2 3
(12)
= − + + − + −− −
−ϕ 1.14 0.18 x (55.08 T 4.17 xT 5.21x 0.62T )10C15 S 7
2 2 3
(13)
- Benzyl alcohol
= − − + + + −E 69.41 1.71 x 6.12 T 0.13xT 0.08x 0.08TNW342
2 2 (14)
= + − − − +− −E 305.13 10.61 x 12.46 T 0.01 xT 0.41x 0.14T15 S 7
2 2 (15)
= + + + − −X 46.90 1.40 x 1.10 T 0.03 xT 0.08x 0.01Ts,w,NW342,
2 2 (16)
Fig. 8. Three-dimensional isoresponse curves smoothed by a quadratic model, ϕc = f(Xt, T), (Eqs. (12), (13), (20), (21), (28) and (29)).
= + − − + +− −
−X 0.31 (24.62 x 9.82 T 0.71 xT 0.21x 0.14T )10s,w,15 S 7
2 2 3
(17)
= − − + ± −X 24.75 0.87x 0.84 (16x 1.04T )10t,w,NW342
2 2 2 (18)
= + − − − −− −
−X 64.19 0.74 x 2.71 T (1.25x. T 1.15x 3.09T )10t,w,15 S 7
2 2 2
(19)
= + − − + + −ϕ 0.21 (13.53 x 8.75 T 1.35 xT 5.83x 0.15T )10CNW342
2 2 3
(20)
= + − − + −− −
−ϕ 3.51 0.21 x 0.16 T (0.21 xT 0.44x 0.19T )10C15 S 7
2 2 2
(21)
- 1-Phenylethanol
= − + + + − −E 92.21 9.09 x 6.26 T 0.14 xT 0.83x 0.09TNW342
2 2 (22)
= − + + − − −− −E 369.29 21.19 x 16.52 T 0.26 xT 0.41x 0.17T15 S 7
2 2
(23)
= − + + − − −X 0.42 (13.24 x 14.91 T 0.46xT 1.82x 0.21T )10s,w,NW342
2 2 3
(24)
= + − − − −− −
−X 1.21 0.01 x 0.05 T (0.07 xT 0.12x 5.40T )10s,w,15 S 7
2 2 2
(25)
= + − − − − −X 33.46 1.22 x 1.59 T (6.37 xT 17x 2.37T )10t,w,NW342
2 2 2
(26)
= + − − − −− −
−X 61.21 0.82 x 2.59 T (1.50x. T 1.40x 2.96T )10t,w,15 S 7
2 2 2
(27)
= + − − + + −ϕ 0.18 (56.47 x 13.37 T 1.56 xT 1.46x 0.26T )10CNW342
2 2 3
(28)
= + − + + −− −
−ϕ 0.46 0.28 x (30.17 T 4.58 xT 1.25x 0.42T )10C15 S 7
2 2 3
(29)
4.2.1. Extraction eﬃciency (E)
The inﬂuence of surfactant concentration and temperature on the
extraction percentage of organic solutes has already been studied [36].
As expected, the extraction eﬃciency increases with non-ionic
surfactant concentration. On the other hand, an excessive increase of
temperature above the cloud point can have negative eﬀect on se-
paration results.
According to the quadratic model (Eqs. (6), (7), (14), (15), (22) and
(23)), the most favorable extraction conditions are expected within the
region of higher surfactant concentration (i.e. 10 wt.%, Fig. 5). Indeed,
if TERGITOL 15-S-7 is known for its high solubilization ability and
extraction eﬃciency [25,69,70], its performances are found similar to
those of SIMULSOL NW342 (Emax≥ 90%).
4.2.2. Concentration of residual solute (Xs.w)
The three-dimensional isoresponse curves of the studied properties
ﬁtted to the quadratic model (Eqs. (8), (69), (16), (17), (24) and (25))
are given in Fig. 6. These ﬁgures show that the percentage of residual
solute in the dilute phase, Xs.w, decreases as Xt increases. On the other
hand, its dependence upon tempera
ture is not monotonous, although the model gives a good illustration
of experimental results. In general, a slight temperature rise has a po-
sitive eﬀect on the extraction.
4.2.3. Residual concentration of nonionic surfactant (Xt.w)
Even if the nonionic surfactants used in this study are known for
their good biodegradability properties and lack of ecotoxicity [71,72],
the concentration of residual surfactant (Xt.w) still remains a very im-
portant parameter. The high loss of surfactant in the dilute phase can
compromise the process reliability. Indeed, the presence of another
contaminant in the dilute phase is suﬃcient to make the process use-
less. The behaviour of (Xt.w) according to Xt and T is shown in Fig. 7,
(ﬁtting by the quadratic model Eqs. (10), (11), (18), (19), (26) and
(27)). These ﬁgures show that the residual concentration of surfactant
decreases at low surfactant concentration and rises according to tem-
perature. The highest concentration cannot be reached with a unique
surfactant concentration for the three solutes. It is equal to 10 wt.% and
the temperatures are 26 °C and 38 °C for SIMULSOL and TERGITOL,
respectively.
4.2.4. Volume fraction of coacervate (ϕc)
This factor is very important to show the eﬀectiveness of this
technique. In Fig. 8 (ﬁtting with Eqs.(12), (13), (20), (21), (28) and
(29)), it is shown that a temperature rise allows to lower the volume
fraction of the coacervate. It is clear that, for all solutes studied, the
values and the evolution of the volume fraction of coacervate are
practically the same, evidencing solutes do not aﬀect signiﬁcantly the
coacervate volume, under these conditions. According to the shape of
the phase diagram, the overall composition decreases when moving
away from the right branch of the demixing curve. As a consequence, it
is advantageous to use less surfactant in order to have a smaller coa-
cervate volume.
4.3. Batch cross-ﬂow cloud point extraction
In a batchwise preliminary study of a cross ﬂow extraction process,
a 0.2 wt.% phenol solution was extracted in test tubes under the fol-
lowing conditions: Xt = 4%, t = 35 °C. With a 135 min contact
Fig. 9. Batch cross-ﬂow extraction results after t = 135 min.
Fig. 10. Eﬀect of stirring speed on: left: surfactant concentration in
dilute phase (raﬃnate) and coacervate (extract); right: solute con-
centration in dilute phase (raﬃnate) and coacervate (extract); System:
water/4% SIMULSOL NW342/0.2% phenol, T = 35 °C.
duration (equilibrium state supposedly reached, each stage corre-
sponding to a theoretical plate), the number of extractions necessary to
lower the residual phenol concentration to the allowed value is 6
(Fig. 9). In fact, at the last output, Xs,w = 0.26 mg/L. For a 15 min
contact, the number of stages rises to 9.
4.4. Continuous cross-ﬂow cloud point extraction
Fig. 10 shows that high mixing speed induces a slight increase of
surfactant and solute concentration in coacervate phase. Thereby, sur-
factant and solute concentration decrease in the dilute phase. Indeed,
good phase separation was observed with this system at 35 °C. How-
ever, according to Ingram et al. [54], the increase of agitation speed
greatly raises the surfactant concentration in the raﬃnate (dilute
phase). This was also observed with our system at very high stirring
speed (over 800 rpm) and high extraction temperatures (T > 40 °C).
As seen previously, the cloud point extraction oﬀers good results.
However, those data were obtained after 24 h of settling time. Hence,
for scaling-up of the CPE process, it is interesting to study the kinetics of
CPE. Therefore, separation time was evaluated by following the evo-
lution of the coacervate volume fraction (ϕc) and extraction extent (E).
The feed and solvent solutions were introduced simultaneously in the
“mixer” at Vr = 300 rpm. One can notice in Fig. 11 that ϕc increases
rapidly in the early hours, then stabilizes on a plateau after about 3–4 h
of settling time. The evolution of the extraction percentage shows
equilibrium after 3 h. At this time the maximum of solute was ex-
tracted. The parameters of continuous cross-ﬂow CPE are summarized
in Table 2. The volume fraction of coacervate was 0.143. The compo-
sition of the dilute phase (raﬃnate) was 0.070% phenol and 0.028%
SIMULSOL NW342, the composition of coacervate phase (extract) was
0.93% phenol and 27.4% SIMULSOL NW342. Let us remember that at
equilibrium (as determined in test tube), the extraction percentage
reached 73%, while, using the mixer-settler, a value of 69% was ob-
tained. This result agrees with the hypothesis that a mixer-settler stage
may be considered as a theoretical stage.
For a multi-stage contact with thermostatic pilot implemented
previously, all stages were operated at the same temperature (30 °C) for
the system water/4 wt.% SIMULSOL NW342/0.2% phenol. After the
ﬁrst stage contact, the raﬃnate phase was contacted with a new solvent
quantity (Fig. 12).
The cross-ﬂow stage number N needed to achieve a speciﬁed raﬃ-
nate composition, Xn, is given by the following formula:
=
+
( )
( )
N
Log
Log
X
X
KS
F 1
f
n
(30)
The partition coeﬃcient K = 4.7 and extraction solvent ratio (S/F)
are kept constant. Upon seeing the ﬁrst three stages results, it was as-
sumed that the remaining stages would show the same behaviour
(E≈ 69%).Those results allowed us to estimate the mass balance of
each stage. Thereby, the stage number which allows less than 0.3 ppm
of phenol in raﬃnate, was equal to 6 (Fig. 13).
Coacervate regeneration for surfactant reuse, by pH changes and
salt precipitation, has been addressed and operated successfully with
very similar systems [21,36].
5. Conclusion
Cloud point extraction (CPE) with nonionic surfactants has become
a very attractive separation technique in recent years. The objective of
this study was to develop a simple, practical CPE with selected biode-
gradable commercial nonionic surfactants. Two alkoxylated species,
SIMULSOL NW342 and TERGITOL 15-S-7 were chosen to extract
phenol, benzyl alcohol and 1-phenylethanol. Those organic solutes
lower the surfactant cloud points, phenol showing the strongest eﬀect.
A reduced number of experiments, thanks to a central composite design,
gives an insight on the trends followed by the extraction percentage, the
residual solute and surfactant concentrations in the dilute phase, and
the coacervate volume fraction, but the choice of the optimal conditions
requires a compromise between all these parameters. An in-depth
analysis of the isoresponse surfaces leads us to recommend:
XNW342≈ 4–6 wt.%; 30 °C < T < 35 °C, and X15-S-7≈ 4–6 wt.%;
Fig. 11. Extraction parameters of the system: water/4% SIMULSOL
NW342/0.2% phenol at 30 °C; a) Volume fraction of coacervate (ϕc);
b) Extraction eﬃciency (E).
Table 2
Continuous crossﬂow cloud point extraction parameters.
Input Output
F = 19.5(g/min) S = 19.5(g/min) E = 5.6 R = 33.4
XPH,F = 0.078 XPH,S = 0 XPH,E = 0.054 XPH,R = 0.024
Xt,F = 0 Xt,S = 1.560 Xt,E = 1.551 Xt,R = 0.009
Fig. 12. Cross-ﬂow extraction process for N stages.
40 °C < T < 44 °C, as the most favorable initial surfactant con-
centration and temperature ranges. A batch cross ﬂow CPE experiment
with SIMULSOL NW342 and phenol yielded encouraging results.
Therefore, a continuous cross ﬂow CPE was developed and showed that
the allowed residual pollutant concentration could be reached after 6
stages. Our results thus show that SIMULSOL NW342 can be chosen in a
ﬁrst approach of a multistage crossﬂow CPE process.
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